Fungal pathogens such as Candida albicans exhibit several survival mechanisms to evade attack by antifungals and colonise host tissues. Rta3, a member of the Rta1-like family of lipid-translocating exporters has a 7-transmembrane domain topology, similar to the G-protein-coupled receptors and is unique to the fungal kingdom. Our findings point towards a role for the plasma membrane localised Rta3 in providing tolerance to miltefosine, an analogue of alkylphosphocholine, by maintaining mitochondrial energetics. Concurrent with miltefosine susceptibility, the rta3Δ/Δ strain displays increased inward translocation (flip) of fluorophore-labelled phosphatidylcholine (PC) across the plasma membrane attributed to enhanced PC-specific flippase activity. We also assign a novel role to Rta3 in the Bcr1-regulated pathway for in vivo biofilm development.
| INTRODUCTION
In yeast, ATP-binding cassette (ABC) drug transporters are not only considered determinants of multidrug resistance but also play crucial roles in controlling lipid levels. In Candida albicans, a fungal pathogen that infects immunocompromised individuals, up regulation of genes encoding the Tac1-regulated ABC drug transporters (CDR1 and CDR2) is a predominant cause for the development of antifungal resistance (Coste, Karababa, Ischer, Bille, & Sanglard, 2004; Prasad, Banerjee, Khandelwal, & Dhamgaye, 2015) . As a consequence, drug-resistant isolates display enhanced efflux of azole antifungals leading to reduced inhibition of their target enzyme, lanosterol 14α-demethylase of the ergosterol biosynthesis pathway. Presence of gain-of-function mutations in Tac1 renders it hyperactive, resulting in the simultaneous induction of CDR1 and CDR2 along with RTA3, IFU5, and HSP12 in azole-resistant isolates (Coste et al., 2004; Liu et al., 2007) . The significance of coordinate regulation has been inferred from studies with Saccharomyces cerevisiae, wherein Pdr5, the major ABC drug efflux pump and genes involved in sphingolipid biosynthesis are induced co-ordinately via the transcription factors Pdr1/Pdr3 (Devaux, Carvajal, Moye-Rowley, & Jacq, 2002) . These studies argue for the role of the Pdr (pleiotropic drug resistance) pathway in co-ordinately controlling lipid levels on the plasma membrane and multidrug resistance in the budding yeast (Johnson et al., 2010; Khakhina et al., 2015; Kolaczkowski, Kolaczkowska, Gaigg, Schneiter, & Moye-Rowley, 2004; Panwar & Moye-Rowley, 2006) . Studies on the noteworthiness of Tac1 coregulated genes have not been established. Thus, amongst the Tac1 coregulated genes, RTA3 (named for Resistance to 7-aminocholesterol) caught our attention in particular as it was annotated as a putative lipid translocase in Candida Genome Database (CGD). Lipid translocators can direct inward-or outward-transbilayer movement of phospholipids and are referred to as flippases and floppases, respectively (Fadeel & Xue, 2009; Panatala, Hennrich, & Holthuis, 2015) . The balanced action of these proteins is crucial for generating plasma membrane asymmetry such that the aminophospholipids are sequestered in the cytoplasmic leaflet of the membrane, whereas choline lipids are enriched in the outer leaflet (Devaux, Herrmann, Ohlwein, & Kozlov, 2008) . Any perturbation in membrane asymmetry serves as a signal for activating multiple cellular events (Nichols, 2002) . Other than the identification of Cdr1 and Cdr2 as floppases, molecular entities that can function as flippases or signals that regulate the activity of these lipid translocators to generate membrane asymmetry remain unidentified in C. albicans (Smriti et al., 2002) .
The problem of drug resistance is not only limited to free living planktonic forms of Candida but also extends to surface attached communities such as biofilms (Jabra-Rizk, Falkler, & Meiller, 2004; Nobile & Johnson, 2015) . C. albicans biofilms formed on implanted medical devices (abiotic surfaces) such as catheters serve as a source of infectious cells that can cause deep seated and blood stream infections and are associated with high levels of antifungal resistance (Jabra-Rizk et al., 2004; Nobile & Johnson, 2015) . Drug transporters are not only up regulated during planktonic growth but also remain up regulated during biofilm development enabling C. albicans to persist in the presence of antifungals (Ramage, Bachmann, Patterson, Wickes, & Lopez-Ribot, 2002) .
A typical biofilm architecture comprises of layers of yeast and hyphal cells interlaced with each other and stabilised by adhesive interactions between these cell types (Nobile & Johnson, 2015) . The transcriptional network that controls biofilm formation is comprised of six transcription factors (Efg1, Tec1, Bcr1, Ndt80, Brg1, and Rob1), wherein all of these except for Bcr1 regulate hyphal morphogenesis (Nobile et al., 2012; Ramage, Martinez, & Lopez-Ribot, 2006; Schweizer, Rupp, Taylor, Rollinghoff, & Schroppel, 2000) . The downstream targets of these transcription factors comprise of genes involved in adhesion, hyphal morphogenesis, matrix production, and drug resistance. Bcr1 regulates the expression of adhesins, including the agglutinin-like Als proteins Als1 and Als3, and the hyphal cell wall protein Hwp1 that promote adherence during biofilm formation (Nobile & Mitchell, 2005; Nobile et al., 2008) . Bcr1 thus serves as a positive regulator for cell-cell and cell-substrate adhesion (Finkel et al., 2012; Nobile et al., 2008) . In addition to the identification of transcription factors, the role of Ras-and Tor1-mediated signalling pathways in regulating cell-cell adhesion during biofilm formation via Bcr1, Efg1, Nrg1, Tec1, and Tup1 has also been established (Bastidas, Heitman, & Cardenas, 2009; Inglis & Sherlock, 2013) . In aggregate, these studies point towards the complexity of the gene regulatory programs that control biofilm formation in C. albicans.
The predicted topology of Rta3 revealed the presence of 7-transmembrane domains (7TMDs), similar to the family of 7-TM receptor proteins often associated with the G-protein-coupled receptors (GPCRs). The homologues of RTA3 are referred to as the Rta1-family of proteins or the lipid translocating exporters in S. cerevisiae (Manente & Ghislain, 2009 ). In addition to RTA3, C. albicans has three additional genes, orf19.6224, RTA2, and RTA4, coding for the Rta1-family of proteins. Noteworthy is that these proteins lack an overall sequence conservation with the classical GPCRs. The role of Rta2 in modulating azole tolerance and in ER (Endoplasmic Reticulum) stress resistance has been established, and the others remain uncharacterised (Jia et al., 2008; Thomas et al., 2015) . These proteins are unique to the fungal kingdom and can be considered as potential therapeutic targets.
Herein, through the genetic analysis of rta3Δ/Δ cells, we have characterised distinct cellular processes orchestrated by Rta3, a 7-TM receptor protein. First, we show that rta3Δ/Δ cells display increased susceptibility to miltefosine, an alkylphosphocholine drug.
Second, by using short chain fluorescent labelled phosphatidylcholine (PC) reporter; nitrobenz-2-oxa-1, 3-diazol-4-yl (NBD)-PC, we forge a link between Rta3 and maintenance of the asymmetric distribution of PC across the plasma membrane. Third, we provide evidence to show that Rta3 regulates biofilm formation in vivo by functioning upstream of Bcr1, the transcription factor that is central to this cellular process.
Fourth, we demonstrate that Rta3 is also required for maintenance of mitochondrial membrane energetics and that altered mitochondrial membrane potential (MMP) affects Bcr1 expression.
2 | RESULTS 2.1 | Tac1-regulated Rta3 is a plasma membrane localised protein required for tolerance to miltefosine Given that Rta3 is an ortholog of Rsb1, a 7-TM receptor protein of S. cerevisiae, we first analysed its amino acid sequence for the existence of transmembrane segments. The TMHMM program predicts the presence of 7TMDs in CaRta3, similar to ScRsb1. Next, we aligned the amino acid sequences of ScRsb1 and the Rta family membersRta1 (orf19.6224), Rta2, Rta3, and Rta4-of C. albicans using Clustal Omega ( Figure S1 ). The amino acid sequence of C. albicans Rta3 displayed 37.8% similarity and 24.5% identity with that of ScRsb1 as calculated from pairwise sequence alignment (Clustal Omega). In addition to the presence of 7TMDs in all the Rta proteins, the alignment also revealed conservation of the Rta1 family signature sequence as identified in a previous analysis (Manente & Ghislain, 2009 ). The signature sequence consists of a His-Glu-Tyr/Trp motif (indicated in red box; Figure S1 ), part of a 28 amino acid stretch present in the extracellular loop connecting TMD6 and TMD7 ( Figure S1 ). Figure 1a represents the location of 7TMDs and the conserved signature sequence in CaRta3 and ScRsb1. This analysis suggests that the defining features of the Rta1-like family of proteins in S. cerevisiae also remain conserved in C. albicans.
ScRsb1 was identified as a transporter of the sphingoid bases such as phytosphingosine (PHS) and dihydrosphingosine (Kihara & Igarashi, 2002; Kihara & Igarashi, 2004) . Further studies demonstrated that (a) ScRSb1 is localised on the plasma membrane (b) its deletion leads to increased susceptibility to PHS, and (c) it affects susceptibility to PHS by regulating endocytosis of tryptophan transporter (Tat2) instead of functioning as transporter of PHS (Johnson et al., 2010) . These observations are in accord with the characteristics of the 7-TM receptor proteins that mediate various cellular processes in response to extracellular stimuli and are not known to function as transporters or translocators (Katritch, Cherezov, & Stevens, 2013) . The presence of 7TMDs is also considered the hallmark of the GPCR family of proteins that upon activation by extracellular stimuli can relay signals to the heterotrimeric G-proteins (Katritch et al., 2013) . Strikingly, ScRsb1 was shown to regulate Tat2 activity through an arrestin-mediated mechanism, independent of the involvment of G-proteins (Johnson et al., 2010) .
Considering that Rta3 contains 7TMDs, we first sought to determine the cellular localisation of Rta3. In order to assess this, we used indirect immunofluorescence to visualise Rta3-Myc in wild type cells in the absence and presence of fluphenazine, a well-documented inducer of Rta3 expression (Coste et al., 2004 ). Rta3-Myc was primarily localised on the plasma membrane as indicated by the staining largely , 120 min). The drugs were added to the secondary culture at an OD 600 of 1. Values are mean ± SD and are derived from three independent experiments. Fold change in drug treated tac1Δ/Δ is statistically significant compared to drug treated wild type, *p <.01, Student's t-test on the periphery of the cell in both the presence and absence of fluphenazine (Figure 1b) . Compatible with its role as an inducer of Rta3 expression fluphenazine increased the fluorescence intensity of plasma membrane localised Rta3-Myc by 3-fold (measured by Olympus FV110A SW 1.7 viewer software; Figure 1b ). These data establish the plasma membrane localisation of Rta3, which is in congruence with its predicted 7-TM topology, similar to ScRsb1. Taken together, we speculate that Rta3 may function as a regulatory protein, similar to ScRsb1, instead of as a transporter.
To determine the function of Rta3 in C. albicans, rta3Δ/Δ and RTA3 reconstituted strains were constructed using the SAT1 flipper strategy (Reuss, Vik, Kolter, & Morschhauser, 2004) and confirmed by Southern blot analysis ( Figure S2 ). Taking into consideration that Rta3 influences fluconazole susceptibility in an azole-resistant clinical isolate of C. albicans (Whaley et al., 2016) , we first examined the effects of deletion of RTA3 in a laboratory wild-type C. albicans strain (SC5314) on susceptibility to fluconazole. The rta3Δ/Δ cells displayed wild-type susceptibility to fluconazole, suggesting that RTA3 does not contribute to azole tolerance in SC5314 (Figure 1c ). The mutant was tested for susceptibility to alkylphosphocholine analogue; miltefosine (hexadecylphosphocholine), as absence of ScRSB1 in S. cerevisiae renders cells susceptible to this drug (Johnson et al., 2010) . The alkylphosphocholine class of drugs show anticancer activity and have the potential to be used in the treatment of protozoal and fungal diseases (Croft, Snowdon, & Yardley, 1996; Konstantinov, Eibl, & Berger, 1998; Tong et al., 2007; Widmer et al., 2006) . Interestingly, rta3Δ/Δ cells displayed increased susceptibility to miltefosine ( Figure 1c) . Reintroduction of an RTA3 allele restored the growth defect on miltefosine to wild-type levels.
Fluphenazine triggered up regulation of RTA3 via the transcription factor Tac1 has been demonstrated through a genome wide transcriptome study (Coste et al., 2004) . We show that while the expression of RTA3 was 2-fold down regulated in tac1Δ/Δ cells, there was a significant (3-fold) up regulation of RTA3 in the TAC1 HA (hyperactive Tac1) strain background ( Figure 1d ). This suggests that expression of RTA3 is dependent on a functional Tac1. Additionally, we demonstrate an increase in RTA3 expression by 2-fold in wild-type cells treated with fluphenazine and miltefosine ( Figure 1e ). The drug-induced up regulation of RTA3 expression was abrogated in tac1Δ/Δ cells (Figure 1e ).
These data suggest that RTA3 is a target of the transcription factor, Tac1, and that in addition to fluphenazine, miltefosine also up regulates the expression of RTA3 via Tac1. Coupled together, we interpret these data to implicate Rta3 as a Tac1-regulated plasma membrane localised protein that modulates tolerance to miltefosine.
2.2 | Intracellular accumulation of M-C 6 -NBD-PC is enhanced in the absence of Rta3
Resistance to miltefosine is associated with defects in internalisation of its fluorescent structural analogue NBD-labelled PC in S. cerevisiae (Hanson, Grant, & Nichols, 2002) . NBD-PC shares the glycerophosphocholine structure with miltefosine and has a similar degree of hydrophobicity. NBD-labelled lipids are used as reporters to study transport and intracellular trafficking of phospholipids in mammalian as well as in yeast cells (Haldar & Chattopadhyay, 2013 ).
NBD-labelled-PC and -phosphatidylethanolamine (NBD-PE) are internalised predominantly by inward-directed transbilayer transport in S. cerevisiae, referred to as flip with endocytosis as a minor contributor (Grant, Hanson, Malone, & Nichols, 2001 ). Subsequent to its flip across the plasma membrane, the short acyl chain in the sn-2 position of NBD-PC/PE permits their passive diffusion into the cytosol followed by spontaneous redistribution to the intraorganellar membranes and to the vacuolar lumen. Eventually although majority of NBD-PC is degraded into water-soluble products after it is trafficked to the vacuole, NBD-PE remains intact and labels the mitochondria and nuclear envelope/ER (Kean, Fuller, & Nichols, 1993) In this study, we first labelled the wild-type strains of S. cerevisiae and observed under microscopy. We observed significant differences in the labelling pattern between the two wild-type strains. NBD-PC predominantly labels the vacuole in S. cerevisiae concurrent with earlier studies (Hanson et al., 2002) , whereas it is excluded from the vacuole and enriched in the mitochondria in Candida ( Figure S3a ).
In order to analyse time-dependent distribution of NBD-PC, we labelled C. albicans wild-type cells with NBD-PC at 30°C up to 15 min, followed by washing with ice cold SC (Synthetic Complete)-azide before imaging by fluorescence microscopy. We observed enrichment of NBD-PC in the mitochondria at all time points (0 min onwards)
while the mean fluorescence intensity (MFI) gradually increased with time ( Figure S3b ). Next, we performed a similar experiment at 2°C
(where flop is blocked) to investigate if there was change in the localisation pattern of NDB-PC at low temperature. For this, the timedependent internalisation of NBD-PC in wild type cells was monitored at 2°C, followed by a chase at 30°C for 30 min prior to microscopy.
Even under these experimental conditions, NBD-PC is excluded from the vacuole and labels the mitochondria, with a concommitant increase in the MFI with time ( Figure S4 ). These data suggest that the intracellular sorting of NBD-PC differs between C. albicans and S. cerevisiae.
Thereafter, in order to correlate the increased miltefosine susceptibility of rta3Δ/Δ cells to the internalisation of NBD-PC, we compared the dynamics of NBD-PC internalisation between the mutant and the wild type at 30°C, using the aforementioned protocol. Confocal images show that although there was no change in localisation of NBD-PC in wild type and the rta3Δ/Δ cells at 30°C, we observed a 2-fold increase in the mean intracellular fluorescence intensity (MFI)
of NBD-PC in the mutant compared to the wild type ( Figure 2 ). We also included NBD-PE in our assay to assess whether the absence of RTA3 affects the transbilayer transport of an aminophospholipid.
NBD-PE was also found to be enriched largely in the mitochondria in wild type C. albicans ( Figure S5b ), similar to NBD-PC. In the mutant, only a moderate increase in the intracellular NBD-PE accumulation was observed ( Figure S5b ). The reconstituted strain showed wild-type levels of NBD-PC/PE accumulation. As high MFI in rta3Δ/Δ cells is reflective of enhanced intracellular NBD-PC accumulation, we hypothesise that this could be due to an increase in the inwardly directed transbilayer movement (flip) of NBD-PC across the plasma membrane.
| Enhanced internalisation of NBD-PC is attributed to increased PC-specific flippase activity
At ambient temperature, as there is ample rate of flop, it is not possible to determine if the increase in net accumulation of NBD-PC is a result of flop, flip, or a sum of both. Measuring intracellular accumulation at low temperature (2°C) provides a mean to investigate the average rate of flip activity, independent of flop; flop is almost zero at this temperature for a large population of live cells as demonstrated in S. cerevisiae (Grant et al., 2001; Hanson et al., 2002; Riezman, 1985) . Therefore, in order to test our hypothesis, we measured the net accumulation of Furthermore, in S. cerevisiae, low temperature flip of NBD-phospholipids is dependent on the proton electrochemical gradient across the plasma membrane that is maintained by Pma1 Stevens & Nichols, 2007) . Hence, if this gradient is disturbed by using carbonyl cyanide m-chlorophenyl hydrazone (CCCP), a protonophore, Pma1 is unable to maintain the proton gradient due to depletion of ATP, thereby inhibiting flip movement. As a control, NBD-PC accumulation was measured in the presence of CCCP to confirm that enhanced internalisation is solely attributed to flip movement. As shown in Figure 3a , the flip movement of NBD-PC was inhibited by CCCP in both wild type and rta3Δ/Δ. Moreover, in contrast to NBD-PC, the net accumulation of NBD-PE between the mutant and the wild type remained unchanged at 2°C (data not shown). This suggested that the marginal increase in intracellular MFI of NBD-PE at 30°C as mentioned above and shown in Figure   S5b was not due to increased flip. This set of data suggests that the difference in the MFI of internalised NBD-PC between the wild type and the rta3Δ/Δ cells can solely be attributed to increased flip (inwardly directed) in the mutant.
In order to assess whether the enhanced flip of PC in the rta3Δ/Δ cells was due to an increase in the flippase activity that transports Figure 3b shows that the percent flippase activity was similar in rta3Δ/Δ cells compared with wild-type cells at T 0 (28 ± 10 vs. 21.44 ± 11), while there was significant difference at T 45 (96.89% ± 4.2 vs. 58.23 ± 8.3).
The flippase activity in the reconstituted strain remained similar to the wild type. The flippase activity for NBD-PE in the mutant was equivalent to that in the wild type, reaffirming that the absence of RTA3 does not affect the distribution of NBD-PE, consistent with internalisation assays at ambient temperature and 2°C ( Figure S3c ).
Coupled together, our results show that loss of RTA3 triggers an enhanced PC-specific flippase activity.
| Transcriptional profiling of the rta3Δ/Δ cells reveals differential regulation of biofilm associated genes
In order to acquire an insight into the global consequences of deleting RTA3, we compared mRNA profiles of wild type and rta3Δ/Δ cells.
After filtering, the entire data set resulted in 115 statistically significant differentially regulated ORFs (Open Reading Frame) (p value < .05, >1.5-fold up regulated or down regulated). Interestingly, we noticed that 67 out of 115 genes were down regulated and were enriched for the gene ontology (GO) processes related to cell adhesion, biofilm formation, filamentation, virulence, iron assimilation, oxidation-reduction, and mitochondrial function. The up regulated genes were significantly enriched for the GO function "repressed in spider biofilms" and were mostly uncharacterised ORFs with no known function (Table S5) .
GO enrichment analysis show that genes related to biofilm formation topped the list of up regulated genes, followed by genes involved in membrane structure, hyphal formation, and transport.
An overview of the dataset comprising of the 115 statistically significant differentially regulated ORFs reveals a core network consisting of pathways or genes that are associated with specific biological processes ( Figure 4a ). Analysis of this network points to a few striking findings pertaining to biofilm-associated genes. First, a cluster of genes that include biofilm-associated genes such as adhesin genes (ALS3 and HWP1), GPI-anchored cell wall protein genes (ECE1 and PGA13), genes involved in hyphal growth (UME6 and SOD5), and copper transport (CTR1 and FRE7) were severely altered (down regulated) in the rta3Δ/Δ cells (Table 1, Figure 4a ). Second, a majority of genes in the network are targets of the transcription factor Bcr1, one of the best characterised regulators of biofilm formation, indicating that RTA3 is required for full expression of a set of Bcr1-target genes. Fanning et al., 2012; Finkel & Mitchell, 2011) .
Third, we also observed down regulation of a subset of genes associated with "mitochondria and oxidation-reduction process" (Figure 4a ).
These subsets of genes are connected via ALD6, predicted to encode a putative aldehyde dehydrogenase that is annotated as rat catheter/ spider biofilm induced gene. ALD6 is involved in alcohol production during fermentation and is up regulated in the hypoxic microenvironment of mature biofilms (Fox et al., 2015) . Alcohol production may be Furthermore, the mitochondria and membrane/transport networks are OPT genes has been associated with early biofilm stages (Yeater et al., 2007) . Genes involved in iron acquisition such as FRE10, FET34, and FTR1, also connect multiple cellular processes in the network. We surmise that cellular processes requisite for adaptation to metabolic changes within a biofilm are affected upon absence of RTA3. These observations suggest that the absence of RTA3 results in transcriptional remodelling of processes associated largely with biofilm formation in the mutant.
We also noted that a majority of the genes in the core network are also differentially regulated in bcr1Δ/Δ cells as inferred from the data obtained from Nobile et al., 2012 . This prompted us to perform a comparative analysis of the transcriptional profiles of C. albicans rta3Δ/Δ and bcr1Δ/Δ (Cabcr1Δ/Δ). Considering that Bcr1 is also a major regulator of biofilm formation in C. parapsilosis, we also included a transcriptional profile of a C. parapsilosis bcr1Δ/Δ (Cpbcr1Δ/Δ) strain. We first extracted a list of 23 differentially expressed biological functions/pathway and genes associated with these pathways from the transcription profile of rta3Δ/Δ cells. Next, we subjected this list and the gene list obtained from the transcription profiling data of the bcr1Δ/Δ cells as described by Holland et al. (2014) and Ding et al. (2011) , GSE33490 and GSE57451 to correlation covariance estimation. Based on the unsupervised hierarchical clustering (Figure 4b ),
we observed that first, the Carta3Δ/Δ mutant displayed positive correlation exclusively to Cabcr1Δ/Δ (and not to Cpbcr1Δ/Δ) for genes 
| Rta3 and Bcr1 are mutually regulated
We validated the microarray data by performing qPCR (Quantitative Polymerase Chain Reaction) analysis and observed good correlation in transcript levels between microarray and qPCR data for adhesin genes ECE1, ALS3, ALS1, and HWP1 that are Bcr1 targets as well as for SOD5 and UME6 (Figure 4c) . Furthermore, the expression of BCR1 was 3-fold down regulated in rta3Δ/Δ cells, consistent with the down regulation of its target adhesin genes (ALS3 and ECE1; Figure 4c ). Interestingly, the expression of RTA3 was also down regulated (2-fold) in the absence of Bcr1 (Figure 4d ), also inferred from the transcriptional profiling of bcr1Δ/Δ cells in a previous study (Nobile et al., 2012) .
To determine whether forced overexpression of RTA3 and BCR1
affects the expression of each other, we created strains in which the endogenous promoter of both the genes was replaced by the constitutively active TDH3 promoter in wild-type cells (WT-RTA3 OE and WT-
BCR1 OE
). Overexpression of RTA3 in the wild-type cells resulted in 1.5-fold increased expression of BCR1 and its target genes (Figure 4 d). On the other hand, overexpression of BCR1 in the wild-type cells not only led to an increased expression of its target genes but also resulted in an increased expression of RTA3 by 2-fold ( Figure 4d ).
We infer that the transcriptional repression and overexpression of RTA3 and BCR1 is dependent on each other, suggesting that RTA3
and BCR1 are mutually regulated.
| Rta3 functions upstream of Bcr1 for biofilm formation in vivo
In lieu of the transcriptional profiling data, we proposed that RTA3 may function in biofilm development by promoting adherence via BCR1 and its target adhesin genes. Therefore, we subjected the rta3Δ/Δ mutant to two standard in vitro biofilm assays, an optical density assay and a silicone square assay (Lohse et al., 2017) . We observed no significant biofilm defects in the rta3Δ/Δ strain versus the wild type in these two vitro biofilm assays ( Figure S6a and S6b). We also note that the absence of RTA3 does not affect hyphae formation under hyphae-inducing conditions (spider medium or in the presence of serum, data not shown).
For the in vivo biofilm formation assay in a rat venous catheter model (Andes et al., 2004) , implanted catheters were inoculated with the wild type, rta3Δ/Δ cells, or the reconstituted strain and biofilm formation was visualised after 24 hr by scanning electron microscopy (SEM).
Although both the wild type and the reconstituted strain produced mature biofilms, the catheter surface of the rta3Δ/Δ mutant was devoid of biofilm material ( Figure 5 ). Taken together, these data suggest that Rta3 is required for biofilm formation in vivo, but not in vitro.
We hypothesised that if the down regulated expression of BCR1 is the cause of the biofilm defect in the rta3Δ/Δ cells, then increasing the expression of BCR1 in the rta3Δ/Δ mutant background should rescue the biofilm defect. Next, we created a TDH3-BCR1 overexpression strain in rta3Δ/Δ cells (rta3Δ/Δ-BCR1 OE ) and show increased expression levels of BCR1 and its target genes ALS3 and ECE1 ( Figure S6c ).
Scanning electron micrograph of catheter inoculated with rta3Δ/Δ-BCR1 OE shows partial restoration of biofilm formation (Figure 5b ).
We infer that (a) BCR1 may be mediating RTA3-dependent biofilm formation in vivo by promoting the expression of the adhesin genes and (b) partial restoration of the biofilm defect in our mutant maybe due to the absence of RTA3-specific targets that may be requisite for functioning in concert with Bcr1-dependent target genes, to restore biofilm formation to wild-type levels.
Next, to determine the genetic relationship between RTA3 and BCR1 in governing biofilm, we introduced the TDH3-RTA3 construct into the bcr1Δ/Δ cells (bcr1Δ/Δ-RTA3 OE ). In vitro adhesion assay on this strain show that the increased expression of RTA3 did not reverse the adhesion defect of bcr1Δ/Δ cells ( Figure S4a ). As expected, increased expression of RTA3 was not able to rescue the biofilm defect of the bcr1Δ/Δ cells in vivo ( Figure 5b ) and also did not promote the expression of the adhesin genes ( Figure S6c ). This suggests that RTA3 requires a functional Bcr1 for expression of adhesin genes and consequently biofilm formation (Figure 5b ). Taken together, our data suggest that Rta3 regulates biofilm formation by functioning upstream of Bcr1.
| Bcr1 expression and Rta3 are linked via mitochondrial membrane energetics
In S. cerevisiae, miltefosine enters the cell and penetrates the inner mitochondrial membrane wherein it inhibits cytochrome c oxidase Consistent with this, we propose that altered mitochondrial parameters in rta3Δ/Δ cells may sensitise it to a lower dose of miltefosine than is required for the wild-type cells (Figure 1c and 6a-c) . Furthermore, a and also at 2°C, where flop is inhibited (Figures 2 and 3a) . Additionally, the dynamics of NBD-PC uptake in rta3Δ/Δ cells indicate an increase in the apparent PC-specific flippase activity because the exogenous addition of dithionite (quencher) maintained the accelerated internalisation of NBD-PC (Figure 3b ). We thus propose that the increased flip of PC may be attributed to the role of Rta3 as a negative regulator of PC-specific flippase activity (Figure 7 ). In conclusion, given the 7TMD topology of Rta3, this study shows that functional Rta3, instead of functioning as a lipid translocator itself, may have a role in maintaining the asymmetric distribution of PC across the plasma membrane, possibly by modulating regulatory pathway(s) that signal unidentified PC-specific flippase(s) or floppase(s) in C. albicans.
The down regulation of genes that promote adherence as inferred from the transcriptional profiling data formed the basis for assaying the rta3Δ/Δ cells for biofilm formation (Figure 4a and 4c) . The proposal that Rta3 is a positive regulator of biofilm formation and functions upstream to Bcr1 stems from the following observations. First, the catheter inoculated with the rta3Δ/Δ cells was essentially devoid of any material, similar to bcr1Δ/Δ, suggesting that there is a defect in early events of biofilm formation in vivo (Figure 5a ). Second, the overexpression of BCR1 in rta3Δ/Δ cells partially rescues the biofilm defect of the mutant (Figure 5b) . Third, the biofilm defect phenotype of the bcr1Δ/Δ cells was not rescued by the increased expression of RTA3 (Figure 5b) . Our results therefore argue that Rta3 is pivotal for FIGURE 7 A model for the distinct roles of RTA3 in regulating plasma membrane asymmetry of phosphatidylcholine (PC), biofilm formation, and miltefosine susceptibility in Candida albicans. Rta3, a member of the 7-transmembrane receptor superfamily, is localised in the plasma membrane and influences three distinct cellular processes in C. albicans. 1-Rta3 negatively regulates (red blunt arrow) flip of fluorophore tagged phosphatidylcholine (NBD-PC), ensuring that plasma membrane asymmetry of PC is maintained in C. albicans. 2 -Rta3 functions upstream of Bcr1, a transcription factor that activates its target adhesin genes to promote biofilm formation. The mutual transcriptional regulation of Rta3 and Bcr1 ensures a rapid response to conditions that favour biofilm formation. 3-Rta3 also has a role in the maintenance of mitochondrial energetics and tolerance to miltefosine. Miltefosine is an alkylphosphocholine analogue and acts on cells by lowering the mitochondrial membrane potential. Our results indicate that Bcr1 expression and Rta3 may be linked via mitochondrial membrane energetics as indicated by the dotted arrow biofilm formation and that Bcr1 is one of the key downstream effector molecule of the Rta3-dependent regulatory pathway that contributes to biofilm formation (Figure 7 ).
Despite contributing to biofilm formation in vivo, failure of the rta3Δ/Δ cells to show adhesion defects in vitro suggests that the role of Rta3 in contributing to biofilm formation is dependent on a cue that is host specific. In situations where this "cue" is not present (such as in vitro conditions), Rta3 may not be essential for initiating biofilm formation. Many adherence regulators, such as ZFU2, CRZ2, and ZCF28, upon deletion fail to display an adhesion defect in vitro but display biofilm formation defects only in vivo (Finkel et al., 2012) , similar to rta3Δ/Δ cells. These differences can be attributed to the fact that biofilm formation in vivo involves dynamic interactions with host factors.
Hence, the molecular components that control biofilm formation in vivo may not necessarily affect this process to the same extent in vitro.
The has been shown to be associated with changes in cell shape leading to delay in cell adhesion and cell spreading onto the extracellular matrix in Hela cells (Naito et al., 2015) . Compatible with this, it is likely that enhanced flipping of PC in rta3Δ/Δ cells may be the basis for the observed adherence defect in vivo, leading to a defect in biofilm formation. How increase in the PC levels in the inner leaflet of the plasma membrane affect adhesion can be explained as follows. First, as loss of phospholipid asymmetry signals multiple cellular events (Nichols, 2002) , it is possible that the increased level of PC on the inner leaflet triggers a signalling event that converges to Bcr1 to down regulate its expression. Second, it is known that PS and phosphatidylinositiol 4,5-bisphosphate (PIP 2 ), predominantly localised in the inner leaflet of the plasma membrane are vital for remodelling the actin cytoskeleton, thus affecting the processes of adhesion and cell spreading (Naito et al., 2015; Yin & Janmey, 2003) . Thus, enhanced flipping of PC may perturb the PS and PIP 2 equilibrium on the cytoplasmic leaflet, in turn inhibiting adhesion.
Tac1 regulated drug transporters (Cdr1 and Cdr2) are responsible for asymmetric distribution of phosphoglycerides across the plasma membrane (Smriti et al., 2002) The first and second allele of the RTA3 gene was disrupted using the SAT1 flipper in the plasmid pSFS2B. Two different disruption cassettes were constructed for the two alleles of RTA3 in the disruption vector pSFS2B. For the RTA3 disruption construct, a 1,000 bp 5′ upstream noncoding region (NCR) of RTA3 (5′ RTA3 NCR ) was amplified from SC5314 genomic DNA with primers RTA3P1 and RTA3P2 (Table   S3) , which introduced KpnI and XhoI restriction sites and cloned into 5′ end of the SAT1-FLP cassette in pSFS2B using the same enzymes. A 500 bp region of 3′ RTA3 NCR was amplified with primers RTA3P3 and RTA3P4, which introduced NotI and SacII sites and was cloned in the 3′ end of the SAT1-FLP cassette (which already contains 5′ RTA3 NCR ). The plasmid thus constructed, containing the disruption cassette for deletion of the first allele of RTA3 is referred to pAS1 (Table S2 ). For deleting the second allele, 3′ end of pAS1 was replaced by 500 bp of the RTA3 ORF (amplified by primers RTA3P5 and RTA3P6) with NotI and SacII restriction sites, generating pAS2 (Table S2 ). The 
| C-myc tagging of RTA3
The C-terminal Myc-tagging plasmid, pADH34, containing a 13X Myc epitope tag preceding the SAT1-flipper cassette was used for epitope tagging as previously described (Nobile et al., 2009) cassette was confirmed by sequencing the PCR product generated using primers Rta3upstreamcheckF and AHO283.
| Overexpression strain construction
The TDH3-RTA3 and TDH3-BCR1 overexpression C. albicans strains (Table S1 ) were constructed using plasmid pCJN542 (Nobile et al., 2008 ; Primers listed in Table S3 ). These primers amplify the Ashbya gossypii TEF1 promoter, the C. albicans NAT1 ORF, the A. gossypii TEF1 terminator, and the C. albicans TDH3 promoter with 100 bp of hanging homology to promoter region of RTA3 and BCR1. The transformation into C. albicans strains was done as described earlier and nourseothricin + transformants were screened using detection primers listed in Table S3 .
| Complex IV activity assay
The protocol used was as described earlier by Spinazzi, Casarin, Pertegato, Salviati, and Angelini (2012) . The Complex IV assay was per- 
| Immunofluorescence staining
Briefly, C. albicans strain carrying the Rta3-Myc was grown at 30°C
and induced with 10 μg ml −1 fluphenazine for 30 min, in YEPD to OD 600 = 0.5 (Total OD = 10 for the experiment). Cell pellets of untreated and treated cultures were washed with 1X phosphate-buffered saline (PBS), followed by fixing at room temperature in 4.5%
formaldehyde for 1 hr. The protocol followed was as described previously by Inglis and Johnson (2002) . 
| Microarray analysis
For transcriptional profiling, wild-type and mutant cells (three biological replicates) were grown overnight in 10 ml of YEPD at 30°C and 200 rpm, subcultured to a starting OD 600 of 0.3 in 10 ml of YEPD and grown until an OD 600 of 1.5 at 30°C and 200 rpm. RNA was extracted from three biological replicates of both strains using an RNeasy minikit (Qiagen). The cDNA samples were hybridised on to a custom C. albicans 8 x15K microarray designed by Genotypic Technology Pvt., Ltd., Bangalore, India. All microarray data are available from GEO accession number GSE77774. Differentially expressed transcripts between mutant and wild type were identified by applying fold-change threshold of absolute fold-change ≥1.5 and a statistically significant t-test p value threshold adjusted for false discovery rate of less than 0.05 derived using Student's t-test and visualised using volcano plot. Unsupervised hierarchical clustering of differentially expressed genes was done using Euclidian algorithm with centroid linkage rule to identify gene clusters. GO analysis was carried out using the 
| Flippase activity
Flow cytometric analysis of the flippase activity on wild type, rta3Δ/Δ, and rta3Δ/Δ + RTA3 cells was done by using NBD-PC and sodium dithionite, an impermeant reducing agent used to quench the NBD-PC exposed on the cell surface (Popescu et al., 2010) . Early log phase Triton X-100 (0.1%) was added to the dithionite group to allow quenching of internalised NBD-PC in control experiments. Residual F D /F total ratio in permeabilised samples was less than 5%. Data are mean ± SEM of more than or equal to 10,000 gated events.
| Flow cytometry
Flow cytometry was performed using a FACSCalibur flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA) equipped with an argon laser emitting at 488 nm. Cells were grown to early log phase (OD 600 1) in YEPD at 30°C, labelled with desired fluorophore, and analysed. Fluorescence was measured on the FL1 fluorescence channel equipped with a 530-nm band-pass filter for NBD-PC, DiOC 6 (3), and DFCDA staining. A total of 10,000 events were counted. The data were analysed using CellQuest V software.
| In vivo C. albicans venous catheter biofilm model
A jugular vein rat central venous catheter infection model was used for in vivo biofilm studies, as previously described (Andes et al., 2004) .
After 24 hr of C. albicans infection, catheters were removed from the rat. The distal 2 cm of catheter material was removed and subjected to SEM for assaying biofilm growth.
| STATISTICAL ANALYSIS
Data were plotted and analysed using the GraphPad Software. Intergroup comparisons were made using the Student's t-test. P value of ≤.05 was considered significant. 
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OTHER PROCEDURES
Quantitative real time PCR (primers used for qPCR analysis are listed in Table S4 ), serial dilution spotting assay, southern hybridisation, reactive oxygen species measurement, and confocal microscopy were carried out as described previously (Thomas et al., 2013; Thomas et al., 2015) .
